S
taphylococcus aureus and Streptococcus pneumoniae are both important Gram-positive pathogens in many clinical situations, such as sepsis, pneumonia, and infective endocarditis (1, 2) . Therefore, it is essential to choose the correct antibiotics if treatment is to be successful, and clinicians usually regard in vitro susceptibility testing, pharmacodynamic characteristics, and prior clinical trials as guides to antibiotic choice (3) (4) (5) (6) . However, in many in vivo situations, patients would be different from the highly standardized methods used in the microbiology laboratory. For example, in infections such as endocarditis, osteomyelitis, and pneumonia, the infecting inoculum can be much higher than that used for in vitro susceptibility testing. This can result in reduced bactericidal efficacy or even clinical failure (7) (8) (9) .
Over 60 years ago, Woods first described this "inoculum effect" (IE) in vitro (10) . This effect has been observed mainly in S. aureus exposed to ␤-lactams and glycopeptides, such as vancomycin, but usually at inocula higher than 10 7 bacteria per ml (11) (12) (13) . We recently have reported a high dosage requirement for vancomycin with multiple strains of methicillin-resistant S. aureus (MRSA) in a murine thigh infection model at inocula of 10 6 to 10 7 CFU/thigh. Ten-fold-lower inocula showed much lower dosage requirements for stasis and 1-log kill (14) .
In this study, we compare the inoculum effects in vivo against methicillin-susceptible and -resistant S. aureus (MSSA and MRSA, respectively) and penicillin-susceptible and -resistant S. pneumoniae (PSSP and PRSP, respectively) with ceftobiprole (CFB), daptomycin (DAP), linezolid (LZD), and vancomycin (VAN). Two different inocula injected into opposite thighs of the same neutropenic mice facilitate an accurate comparison of the inoculum effects with various antibiotics and different organisms.
We have also studied the time course of antimicrobial activity for different doses of vancomycin against high and low inocula of 2 strains of MRSA injected into opposite thighs of the same neutropenic mice.
(These studies were presented in part at the 47th and 48th Interscience Conferences on Antimicrobial Agents and Chemotherapy, Chicago, IL, September 2007, and Washington, DC, October 2008.)
MATERIALS AND METHODS
Organisms, media, and antibiotics. Two methicillin-susceptible S. aureus (MSSA) strains, four to seven MRSA (including 2 heteroresistant vancomycin-intermediate S. aureus [VISA] ) strains, two penicillin-susceptible S. pneumoniae (PSSP) strains, and two penicillin-resistant S. pneumoniae (PRSP) strains were used for these experiments. Both of the heteroresistant VISA strains had population analysis profile (PAP) areas under the concentration-time curve (AUCs) greater than the value for the reference strain MRSA Mu3 (15) . All the other MRSA strains had much lower PAP AUCs than the reference strain.
S. aureus and S. pneumoniae organisms were grown, subcultured, and quantified in Mueller-Hinton broth (Difco Laboratories, Detroit, MI), on Mueller-Hinton agar (Difco), and on sheep blood agar plates (Remel, Milwaukee, WI). The lower limit of organism quantification in these studies was 100 CFU/thigh or ml.
Ceftobiprole (Johnson and Johnson, Rariton, NJ), daptomycin (Cubist Pharmaceuticals, Inc., Lexington, MA), and linezolid (Pfizer Inc., New York, NY) were supplied by each company. Oxacillin and penicillin were purchased from Sigma Chemical (St. Louis, MO). VAN was provided by Hospira, Inc. (Lake Forest, IL). Stock solutions of each antibiotic were freshly prepared at the beginning of each experiment and kept frozen at Ϫ4°C.
In vitro susceptibility tests. The MICs of CFB, DAP, LZD, VAN, penicillin, and oxacillin for the various isolates were determined by using standard CLSI microdilution methods (16) . The broth microdilution wells were read at 20 h after incubation at 35°C.
Murine infection model. Six-week-old specific-pathogen-free, female ICR/Swiss mice weighing 23 to 27 g (Harlan Sprague-Dawley, Madison, WI) were used for all studies. The animals used were maintained in accordance with the criteria of the American Association for Accreditation of Laboratory Animal Care (17). All studies were approved by the Animal Research Committee of the William S. Middleton Memorial Veterans Affairs Hospital. The mice were made neutropenic (polymorphonuclear cell count, Ͻ100 mm 3 ) by two intraperitoneal (i.p.) injections of cyclophosphamide (Bristol-Myers Squibb, Princeton, NJ) at 150 mg/kg of body weight at 4 days and 100 mg/kg at 1 day before infection. Broth cultures of freshly plated bacteria were grown to logarithmic phase overnight to an absorbance at 580 nm of 0.3 (Spectronic 88; Bausch & Lomb, Rochester, NY). After dilution into fresh Mueller-Hinton broth, thigh infections with each of the isolates and inocula were produced by injection of 0.1 ml of each inoculum into the thighs of isoflurane-anesthetized (Baxter Healthcare Corporation, Deerfield, IL) mice at 2 h before therapy with antibiotics. The starting inocula obtained at 2 h were 10 4.5 to 10 5.7 CFU/thigh (low inoculum [LI]) in one thigh and 10 6.4 to 10 7.2 CFU/thigh (high inoculum [HI]) in the opposite thigh simultaneously.
At 24 h after the start of antibiotics, the animals were killed by CO 2 asphyxiation. The thighs were immediately removed, homogenized, and prepared as 10% homogenates in 0.9% sterile iced saline. Viable counts were determined by plating duplicate 10-l aliquots of 10-fold serially diluted samples of homogenate in saline on Mueller-Hinton agar for S. aureus and on sheep blood agar for S. pneumoniae. Data were expressed as the mean (Ϯ standard deviation) log 10 CFU/thigh (18) .
Vancomycin pharmacokinetics. Single-dose serum pharmacokinetic studies of VAN were performed in neutropenic thigh-infected mice given subcutaneous (s.c.) doses (0.2 ml/dose) of VAN at 25, 50, 100, 200, and 800 mg/kg. For each of the doses examined, 4 groups of 3 mice were sampled by retro-orbital puncture at 0.25-to 1-h intervals over 6 h (sample times included 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 5, and 6 h). Individual animals were sampled 3 or 4 times. Serum VAN concentrations were determined by standard microbiologic assays using Bacillus subtilis ATCC 6633 as the test organism. The lower limit of detection was 1.0 g/ml. The zone sizes were linear from 1 to 64 g/ml; higher concentrations were determined in 1:4 dilutions of individual mouse serum in pooled mouse serum. The intraday variation was less than 10%. Protein binding in the serum of infected neutropenic mice was performed by ultrafiltration at concentrations of 10 and 50 g/ml (19) . Pharmacokinetic parameters were calculated by noncompartmental analysis. The AUC was calculated from the mean concentrations by the trapezoidal rule. For doses for which no kinetics were determined, pharmacokinetic parameters were interpolated from the values of the nearest studied doses.
Treatment protocols. Mice were treated for 24 h with doses every 12 hours of DAP at 0.024 to 100 mg/kg and LZD at 0.313 to 320 mg/kg and doses every 6 hours of CFB at 0.003 to 160 mg/kg and VAN at 0.049 to 800 mg/kg. Drugs were administered s.c. in 0.2-ml volumes. Saline-treated control mice were killed just before treatment and after 24 h. Three mice were used for each time point and dosage regimen for each organism.
A second study examined the time course of vancomycin activity against HI and LI of two strains of MRSA (19936 and 11888) In vitro kill curves. The effects of different inocula on the in vitro killing of MRSA 19936 and MRSA 11888 at increasing concentrations of VAN were compared in MH broth. Both strains of MRSA at HI (10 7 CFU/ml) and LI (10 5 CFU/ml) were exposed for 24 h to VAN at 1, 2, 4, and 8 times the MIC. Samples were removed at 0, 1, 2, 3, 4, 5, 6, 12, and 24 h. Aliquots of serial 10-fold dilutions were plated on agar for CFU determinations.
Data analysis. The results of these studies were analyzed by using a sigmoid dose-effect model (20) (21) (22) . The model is derived from the Hill
, where E is the effect or, in this case, the log change in CFU/thigh between treated mice and untreated controls after the 24-h period of study, E max is the maximum effect, D is the 24-h total dose, ED 50 is the dose required to achieve 50% of E max , and N is the slope of the dose-effect curve. The parameters of E max , ED 50 , and N were estimated by using nonlinear least-squares regression (Sigma Stat version 3.10; Systat Software, San Jose, CA). Static doses for each drug and at each inoculum were calculated and compared by t tests. The ratio of the static dose between HI and LI (IE index) gave the magnitude of the IE for each drug-organism combination, and these were compared by t tests and one-way analysis of variance with Duncan's test (Sigma Stat).
The correlations between efficacies at high and low inocula and time above the MIC for CFB and ratios of free drug AUC from 0 to 24 h (fAUC 0-24 ) to MIC for DAP, LZD, and VAN were also determined by nonlinear least-squares regression (Sigma Stat). The coefficient of determination, or R 2 , was used to estimate the percentage of variance in efficacy that can be attributed to regression with the important pharmacokinetic (PK)/pharmacodynamic (PD) indices. Values for the static and 1-log kill doses were determined at both LI and HI for staphylococci (6 to 9 strains) and pneumococci (4 strains).
In vivo and in vitro killing and growth rates (change in log 10 CFU/ thigh/h) for VAN were determined over 24 h and compared for each strain of MRSA at LI and HI. All the data at each time point from 0 to 12 h for untreated controls and 0 to 24 h for vancomycin-treated animals or cultures were used with linear regression to determine killing and growth rates.
RESULTS
In vitro susceptibility testing. The study organisms and the MICs of CFB, DAP, LZD, VAN, oxacillin, and penicillin are listed in Table 1 . MICs of CFB against S. pneumoniae strains varied by 32-fold. The ranges of MICs for the other three drugs against S. pneumoniae and all four drugs against S. aureus varied 4-fold or less. The in vitro potency of CFB against S. aureus was modestly affected by ␤-lactam resistance.
Pharmacokinetics of vancomycin and other drugs. The PK characteristics of VAN in infected neutropenic mice following a single subcutaneous dose of 25, 50, 100, 200, or 800 mg/kg VAN are shown in Table 2 . Over the dosage range studied, PK parameters were moderately dose dependent, with the elimination halflife increasing 2-fold, from 26.5 min to 52 min, as the dose rose from 25 to 800 mg/kg. The AUC/dose values for the escalating single doses ranged from 0.83 to 1.1, and the maximum concentration of the drug (C max )/dose values ranged from 0.32 to 1.4. Protein binding of VAN in mouse serum was 26%.
The PK characteristics for DAP, LZD, and CFB were taken from our recent publications using the same neutropenic thigh model (20) (21) (22) . The AUCs for single s.c. doses of DAP at 10 and 40 mg/kg were 93 and 375 mg · h/liter, respectively. The AUCs for LZD at s.c. doses of 20 and 80 mg/kg were 18.5 and 112 mg · h/liter, respectively. For CFB, the PK characteristics were slightly dose dependent at doses of 10, 40, and 160 mg/kg. The half-life increased from 19.0 to 31.7 min, while the AUC/dose increased from 0.6 to 1.3 and the C max /dose decreased slightly from 1.1 to 0.9. The protein binding in mouse serum was 90% for DAP, 22% for LZD, and Ͻ5% for CFB.
Twenty-four-hour static dose determinations according to inoculum size. At the start of therapy, the difference in inocula between the thighs in each mouse was 1.8 Ϯ 0.3 log 10 CFU/thigh, with no significant differences according to the organisms and presence of resistance. Strains grew well in each thigh (1.1 to 4.1 and 0.8 to 2.8 log 10 CFU/thigh in LI and HI, respectively, over 24 h in controls).
Calculations of the doses (mg/kg/24 h) of CFB, DAP, LZN, and VAN required to achieve stasis at LI and HI against multiple organisms are shown in Table 3 . Mean (range) IE indexes for S. aureus were 2.9 (1.7 to 4.6) for CFB, 4.1 (2.3 to 9.3) for DAP, 4.6 (1.7 to 7.1) for LZD, and 10.1 (6.3 to 20.3) for VAN. The median IE indexes for CFB, DAP, LZD, and VAN were 2.8, 3.1, 4.1, and 7.4, respectively. Methicillin resistance did not alter the magnitude of static doses required for efficacy for all four study drugs. The IE index of VAN for S. aureus was higher than those for the other three antibiotics (P Ͻ 0.002). One strain (MRSA 11888) had the highest IE indexes for DAP, LZD, and VAN, which increased the mean values for those three drugs.
In S. pneumoniae, the mean (range) IE indexes were 2.5 (1.3 to 3.3) for CFB, 2.0 (1.6 to 2.8) for DAP, 1.9 (1.7 to 2.2) for LZD, and 1.5 (0.8 to 3.2) for VAN. The median IE indexes for CFB, DAP, LZD, and VAN were very similar, at 2.7, 1.9, 1.9, and 1.1, respectively. Penicillin resistance raised the magnitude of the static dose for CFB but not for the other three antibiotics. The IE indexes for all four drugs were not statistically different (P ϭ 0.38). The IE index of VAN for S. pneumoniae was lower than that for S. aureus (P ϭ 0.005). The IE index of LZD for S. pneumoniae was also lower than the values for S. aureus (P ϭ 0.04). The values for the other two drugs for S. pneumoniae were not statistically different from that for S. aureus.
Pharmacodynamic analysis and comparison according to the inoculum size. The relationships between time above the MIC for CFB and fAUC 0-24 /MIC for DAP, LZD, and VAN at HI and LI are illustrated in Fig. 1 for all 6 to 9 staphylococci and 4 pneumococci. Coefficients of determination (R 2 ) at different inocula were highly statistically significant for all drug-organism combinations and ranged from 67 to 93% with CFB, 76 to 91% with DAP, 77 to 89% with LZD, and 81 to 88% with VAN. Surprisingly, the bactericidal activities of DAP and VAN were reduced at LI compared to the activities at HI.
The calculated times above the MIC for CFB and the total and free (f) drug AUC 0-24 /MIC values for DAP, LZD, and VAN for stasis and 1-log kill with staphylococci and pneumococci at LI and HI are shown in Table 4 . The times above the MIC for CFB for stasis and 1-log kill were low and ranged from 8 to 20% of the dosing interval at both LI and HI. The fAUC 0-24 /MIC values with DAP, LZD, and VAN for stasis with both organisms at LI ranged from 5 to 30. The value for these drugs at HI increased at most 2-fold for S. pneumoniae. However, the fAUC 0-24 /MIC values at HI for S. aureus were 3.6-fold higher for DAP, 4.3-fold higher for LZD, and 6.4-fold higher for VAN than the values obtained at LI for the same drugs.
Time course of in vivo antibacterial activity of vancomycin. The time courses of dosing every 6 hours of 4 different doses of VAN at LI and HI for 2 strains of MRSA (19936 and 11888) in neutropenic mice are shown in Fig. 2 . Killing at HI started at doses that were 4-and 16-fold higher than those resulting in killing at LI. The in vivo killing rates were also lower at HI than at LI (Table 5 ).
In vivo growth over the first 6 h was similar at HI and LI (1.4 log 10 for both inocula of MRSA 19936 and 1.9 log 10 versus 1.8 log 10 , respectively, for MRSA 11888). However, growth after 6 h was much lower at HI than at LI (0.3 log 10 versus 1.7 log 10 for MRSA 19936 and 0.3 log 10 versus 1.3 log 10 for MRSA 11888). The difference between in vivo growth and killing at most doses of vancomycin was already apparent by 6 h. In vitro kill curves with vancomycin. In vitro kill curves for VAN at increasing concentrations against MRSA 11888 in MH broth at HI and LI are shown in Fig. 3 . The in vitro growth rates were similar at both inocula over the first 4 h. However, there was no in vitro difference for when killing began between the two inocula. The only effect of HI on in vitro activity of VAN was a lower rate of killing (Table 5) . Similar results were obtained with MRSA 19936, as shown in Table 5 .
DISCUSSION
Vancomycin has been considered to be one of the standard drugs for the treatment of infections during the era of increasing multidrug-resistant Gram-positive organisms (23) (24) (25) . However, VAN failure rates among patients with endocarditis, bacteremia, or bacteremic pneumonia due to S. aureus have ranged from 37% to as high as 58% (8, 26, 27) . Several studies have observed no differences in the MICs of the MSSA and MRSA strains between patients who failed therapy and those who had a successful outcome (28) (29) (30) (31) . The reasons for the failure are probably multifactorial.
Some of the factors previously associated with a poor outcome include low bactericidal activity in in vitro killing assays (32) , poor pharmacokinetic properties, such as low penetration into epithelial lining fluid (33), AUC 0-24 /MIC ratios less than 400 (34), a VAN trough level of Ͻ15 mg/liter (5, 27) , and an increase or gradual rise in MICs to values of 2.0 mg/liter (27, 35) . Our studies suggest that moderately high inocula are another factor that can have a negative effect on the in vivo efficacy of VAN. Previous studies with Gram-negative bacilli have not observed any significant inoculum effect with inocula from 10 5 to 10 8 for several antimicrobials (36, 37) . This study also confirms our previous experience that a significant inoculum effect is not observed with Streptococcus pneumoniae within this range of inocula. However, our results with DAP, LZD, and VAN against both MSSA and MRSA strains demonstrate a significant inoculum effect with these organisms. CFB resulted in the smallest inoculum effect with the various strains of S. aureus. Prior reports of the total drug AUC 0-24 /MIC for VAN to produce stasis in the neutropenic murine thigh model with inocula around 10 7 have ranged from 86 to 460 (28, 38) . Lower values around 25 were observed in this study at an inoculum of 10 5 . Our previously published fAUC 0-24 /MIC values for DAP and total drug AUC 0-24 /MIC values for LZD in the same neutropenic murine thigh model against S. aureus at inocula around 10 6 to 10 7 for stasis ranged from 39 to 54 (mean ϭ 44) and from 75 to 237 (mean ϭ 89), respectively (20, 22) . Slightly higher fAUC 0-24 /MIC values were observed in these studies for staphylococci with both drugs (mean ϭ 61 for DAP and 106 for LZD), but the mean starting inocula were also 0.3 to 0.5 log 10 CFU/thigh higher in the current study. Much lower mean fAUC 0-24 /MIC values of 17 for DAP and 25 for LZD were observed at the LI. In fact, the fAUC 0-24 /MIC values at LI for DAP, LZD, and VAN with staphylococci are very close to what one would expect if unbound drug concentrations in serum averaged 1 times the MIC for 24 h. In contrast, at the HI, one would need to average more than 3, 4, and 6 times the MIC to just get stasis with DAP, LZD, and VAN, respectively. Most reports studying IE have used more than 10 7 CFU as the HI for simulation of abscesses or vegetations in infective endocarditis (11, 12, 39) . LaPlante and Rybak found that very HI (9.5 log 10 CFU/g) significantly reduced the killing rates of VAN and nafcillin against MRSA strains in an in vitro pharmacodynamic model with simulated endocarditis vegetations. Vancomycin demonstrated bactericidal activity as early as 32 h after administration for LI (10 5.5 ) but did not achieve bactericidal activity throughout the 72 h of study for HI. The inoculum appeared to influence the activity of drugs in the following order: nafcillin Ͼ VAN Ͼ DAP Ͼ LZD (12) . It has been known that cell wall active agents have large IEs at very high inocula since most organisms are in the stationary growth phase and one needs growing bacteria to observe bacterial killing (7, 11) . We chose to compare inocula of 10 5 and 10 7 because we did not want early differences in the growth rate to affect our results. In our in vitro time-kill studies with VAN, the initial growth rates and the onset of killing were similar at both inocula but the rate of killing was lower at 10 7 CFU/ml than at 10 5 CFU/ ml. However, in vivo, the onset of killing at HI occurred at 4-to 16-fold-higher dosages of VAN than observed at LI. Once killing was started, we still observed a lower in vivo killing rate by VAN at HI than at LI. In these studies, we observed similar growth rates over the first 6 h in saline-treated mice at both LI and HI; growth rates after 6 h were much lower at HI than at LI. However, at several VAN dosages, growth was already observed at 6 h at HI while killing was seen in the opposite thigh at LI. Thus, we do not think our observations can be explained entirely by different in vivo growth rates at LI and HI.
Another possible explanation is the rapid reduction of free VAN concentrations at very HI of staphylococci caused by an excessive binding of the drug to staphylococci and their products (40) . The antibacterial target for VAN is the D-alanyl-D-alanine dipeptide of the membrane muropeptides (41) . However, there (41) . At 100-fold-higher inocula, there will be 100-fold-higher density of both the true and false targets but the same number of drug molecules. One would expect that binding to the increased number of false targets may decrease the activity of vancomycin. Extract staphylococcal slime has also been shown to reduce the activity of vancomycin 4-fold (42) . Early slime and biofilm formation may also explain the inoculum effect observed with staphylococci and the difference among various strains (43) . Previous studies have demonstrated that the ultrastructure of staphylococci in vivo is comparable to that of staphylococci grown on a solid support medium, such as a membrane, and different from that of staphylococci grown in a liquid medium (44) . Organisms growing on a surface are usually more resistant to killing by antibiotics (43) . This may explain why a larger inoculum effect is observed with most antibiotics with staphylococci in vivo than in vitro when comparing 10 5 and 10 7 CFU/thigh or ml. Another observation from our in vivo studies is the lower bacterial killing of staphylococci at LI than at HI. Staphylococci are known to be taken up by a variety of cells, including endothelial cells, fibrocytes, and monocytes (45, 46) . We suspect that the percentage of bacteria taken up by these cells may saturate at lower inocula. Thus, at HI, a higher percentage of the staphylococci would be in extracellular sites than would be at LI. In addition, the killing of intracellular staphylococci by DAP, LZD, and VAN is quite low and varies from 0.4 log 10 to 1.0 log 10 CFU/cell over 24 h (45, 47) . Our data with inocula around 10 7 CFU/thigh are close to the pharmacodynamic targets observed with serious infections in patients treated with VAN. For example, stasis and a 1-log kill of S. aureus for VAN required total drug AUC 0-24 /MIC ratios of 212 and 399, respectively. Two retrospective reviews of MRSA bacteremia with and without associated endocarditis treated with VAN identified AUC 0-24 /MIC values of 211 and 421 by classification and regression tree (CART) analysis that best differentiated success from failure in their respective patient populations (27, 48) . The total drug AUC 0-24 /MIC values observed in mice for stasis and 1-log kill with LZD were 140 and 319, respectively. The only pharmacodynamic clinical efficacy analysis for bacteremia with LZD reported a median AUC 0-24 /MIC value of 128 for eradicated cases and 65 failed cases (49) . However, most of the patients had infections due to vancomycin-resistant enterococci rather than to MRSA. There are, as yet, no reported clinical studies on a pharmacodynamic target for efficacy of daptomycin therapy.
In conclusion, IE was observed most profoundly with VAN compared to with CFB, DAP, and LZD (P Ͻ 0.05) in S. aureus, regardless of oxacillin resistance. The increase in the static dose for VAN ranged from 6.3-to 20.3-fold. The increase in the static dose with all other drugs ranged only from 1.7-to 9.3-fold. The IEs of all 4 drugs for strains of S. pneumoniae were similar and not altered by penicillin resistance. The AUC 0-24 /MIC values for VAN observed for S. aureus at HI tended to reflect pharmacodynamic targets for efficacy identified in retrospective clinical trials of patients with serious MRSA infections. Studies with newer antistaphylococcal drugs should also include animal efficacy studies at HI. Our data also suggest that patients with LI (around 10 5 ) infections, for which the Gram stain shows only a few staphylococci, may be effectively treated with VAN at much lower AUC 0-24 /MIC targets.
